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1. INTRODUCTION 

Due to their compact size, light weight, and charging capabilities [1], wearable devices have become 
increasingly popular as high-tech products. Lithium-ion batteries are the favored option for these devices 
because they offer several advantages compared to other battery technologies. Among the advantages of 
lithium-ion batteries are their high energy density, minimal maintenance needs, elevated voltage output, 
absence of memory effect, and a diverse range of available types. However, he durability of lithium-ion 
batteries is contingent not just on the duration of charging but also on the effectiveness of overcharge control 
and charging strategies [2]. The constant current-constant voltage (CC-CV) technique is widely employed as 
the primary charging method for these batteries. This method combines constant current (CC) and constant 
voltage (CV) modes to effectively control the charging current and avoid the risk of overcharging [3]-[5]. 

In the literature, various battery charger architectures have been proposed, employing different power 
control methods to regulate the supply voltage. While some architectures, such as DC/DC converters or 
switched-mode power supplies, offer high efficiency [1], [6]-[8], these components are not appropriate for 
integration into a single chip, as well as may sacrifice accuracy for efficiency. Charge pumps have been utilized 
as adaptive supply voltages [3], but they suffer from significant current ripple and low efficiency. On the other 
hand, LDO-based (low-dropout) chargers exhibit low current ripple and can be integrated into chips without 
additional components [9], although their efficiency is often compromised. In this study, we enhance the 
efficiency of LDO-based chargers by incorporating a power transistor as a variable current source and 
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minimizing failure. One notable aspect missing in certain papers [1], [3], [6], [8]-[12] is temperature control 
during charging and the inclusion of trickle charge mode for fully discharged batteries [1], [13]. By introducing 
the fourth mode, known as pre-charge, the proposed integrated circuit serves as a comprehensive battery 
charger, encompassing all necessary charging and battery protection functions. 

This document presents the design and simulation outcomes of the integrated battery charger that has 
been proposed. The charger employs a four-mode control system specifically designed for lithium-ion batteries, 
accommodating charging currents spanning from 124 mA to 1. 6 A. In section 2, the conventional charging 
approach for lithium-ion batteries is explained, followed by section 3 which details the structure and operation 
of the essential components within the proposed integrated circuit. Simulation results are outlined in section 4, 
and section 5 concludes the paper. 


2. LI-ION BATTERY CHARGINF METHOD 

Ensuring charging safety is a crucial requirement for Li-ion battery chargers. However, there exist 
certain restrictions on charging current and voltage. Consequently, the battery temperature experiences a rapid 
increase, leading to significant issues caused by these limitations. Interestingly, a battery can be fully charged 
within just one hour using a standard charging current of 1C [14]. To fulfill this objective, a typical lithium- 
ion battery charging profile depicted in Figure 1, encompasses three fundamental modes: trickle constant 
current, fast constant current, and constant voltage modes. Although, the conventional charging process may 
pose safety risks during the transition from low current to higher current levels, potentially causing damage to 
both the battery cell and the chip. 
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Charging Time 


Figure 1. Typical charging process of a Li-ion battery 


In this paper, a unique charging protocol is presented, introducing a novel fourth mode called the 
pre-charge mode alongside the conventional three modes, as illustrated in Figure 2. The primary objective of 
incorporating this innovative mode is to enhance the safety and reliability of the battery charging process, 
underlining its pivotal role in achieving these critical aspects. In the trickle constant current mode, when the 
battery voltage (Vbat) falls below 2.4 V, the internal resistance of the Li-ion battery increases. To address this, 
the charging process includes a trickle constant current phase, often referred to as the "overnight charger" [15]. 
Moving on to the pre-charge phase, when the Vbat exceeds 2.4 V, the process transitions from the first mode 
to the second mode. As the battery voltage ranges between 2.8 V and 4.2 V, the charging process enters the 
third mode known as the fast-constant current mode. Finally, when the battery voltage surpasses 4.2 V while 
the charger is in constant voltage mode, it switches to using a constant voltage to continue charging the battery. 
There are two methods for ending the charging process. The initial approach involves monitoring the minimum 
charge current during the constant voltage (CV) phase. Termination of the charging process occurs when the 
charging current descends outside the predetermined range, the second method, on the other hand, depends on 
observing a maximum charging duration [16]. 

Our chosen approach in the proposed design is to employ the first method for terminating the charging 
process. The battery will continue charging until the charging current decreases to or falls below 1C/40. 
A visual representation of the entire charging process for our Li-ion battery charger is provided in Figure 3. 
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Figure 2. Proposed Li-ion battery charging process with pre-charge mode 
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Figure 3. Battery charging with four modes flow chart 


3. ARCHITECTURE DESCRIPTION 

In contrast to other architectures that rely on a microprocessor for controlling different charging 
modes, our proposed architecture combines lithium-ion battery charging, float current, fast constant current, 
and constant voltage functionalities into a unified system, as depicted in Figure 4. The Analog module supports 
all three modes and encompasses several blocks, including the low dropout (LDO) regulator, current generator, 
current sense, and temperature sense (PTAT circuit). These components work together harmoniously to 
facilitate the charging process and ensure optimal performance. 

To regulate the supply voltage, an LDO regulator is employed to generate Vadapt. The power 
transistor MP functions as a variable current source, a technique previously utilized in conjunction with a fly- 
back converter [10]. The MP control is achieved through the combined effects of three current sources, Iref1, 
Iref2, and Iref3, generated by the current generator. These currents pass through a level shifter to ensure that 
transistor MP draws a consistent current of 124.7 mA, 466.94 mA, and 1.06 A during the TC, pre-charge, and 
CC modes respectively. In the CV mode, an integrator is employed for control purposes. An amplifier within 
the modes controller is utilized to halt the charging process under two conditions: the charging process 
concludes either when the battery reaches full capacity or when the temperature detected by the PTAT circuit 
surpasses 115 degrees. 

The detailed structure of our proposed lithium-ion battery charger is depicted in Figure 5. An 
important feature of this architecture is the incorporation of current as a command parameter to regulate the 
switching of the power transistor MP, enabling it to function effectively as a variable current source. Three 
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reference currents namely Iref1, Iref2, and Iref3 are generated by the current generator and duplicated by 
current mirrors (M4 and M3). These currents are then applied to adjust the gate voltage of MP through level 
shifters. 
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Figure 4. Simplified diagram of the proposed Li-ion battery charger 
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Figure 5. The proposed charger architecture 


In contrast to the three current modes (TC, pre-charge, CC), the CV mode is governed by an integrator, 
following the principles outlined in [10]. As the voltage Vfb1 gradually increases, the output of the integrator 
decreases, causing MP to act as a current sink until the charging process is terminated. A voltage-to-current 
converter can be employed to generate the CV current. Charging is considered complete when the current 
sensor detects that the charging current (Ichg) equals 20 mA, or when the die temperature 
exceeds 115 °C, leading to the deactivation of the PMOS (Meoc) integrated into the current generator. This 
occurrence happens sporadically to ensure the safety of the charging process. 


3.1. LDO regulator 

Figure 6 depicts the LDO regulator circuit employed in this architecture [17], [18]. The input reference 
voltage, Vref, can be sourced from an error amplifier, power transistor, feedback resistor network, or a bandgap 
reference circuit (BGR). The power transistor performs a distinct function in the circuit. The load current and 
resistors Rf1 and Rf2 together form a feedback network within the LDO regulator. To facilitate high load 
currents and minimize dropout voltages, LDO regulators necessitate the use of large power transistors (MP). 
These transistors are capable of handling significant current levels and help maintain stable voltage regulation 
even under demanding load conditions. By incorporating such components, the LDO regulator can effectively 
provide a regulated and reliable supply voltage to the system. 
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Figure 6. LDO regulator circuit design 


Figure 7 illustrates the behavior of the LDO regulator, indicating that the output remains stable 
at 1.8 V The output of the regulator is equal to or greater than the sum of the regulated voltage (nominal voltage) 
and the dropout voltage (Vin = Vout + Vdo) when the input voltage (Vin) matches or exceeds this threshold. 
Conversely, if the input voltage (Vin) drops below the Vout + Vdo voltage threshold, the output of the regulator 
mirrors the input voltage. This means that the output voltage will decrease in response to a decrease in the input 
voltage. The dropout voltage (Vdo) represents the minimum voltage difference required for the LDO regulator 
to maintain a stable output voltage. In this case, the system dropout is specified as 50.54 mV. It signifies that 
as long as the input voltage remains above the regulated voltage plus the dropout voltage, the LDO regulator 
will effectively maintain a stable output voltage of 1.8 V. 


de) 


Figure 7. Simulation result of the LDO regulation curves 


3.2. Current generator 

The current generator in the architecture provides reference currents (Irefl, Iref2, and Iref3) for 
controlling the TC, pre-charge, and CC modes. This architecture was chosen for its temperature insensitivity, 
as demonstrated in Figure 8. The circuit design of the current generator follows a conventional architecture 
(PMO-PM1-NMO-NM1) where the passive resistance is varied by the PMOS transistor PM3 the gate bias 
generator consists of two diode-connected NMOS transistors and one PMOS transistor, which are responsible 
for each mode. In the Irefl mode, MN3, MN4, and PM4 are used, while NM6, NM7, and PM5 are employed 
in the Iref2 mode, and NM8, NM9, and PM6 are used in the Iref3 mode. By copying the reference current I, 
PM4 generates the gate voltage for PM3, resulting in the production of Iref1. Through the control switches 
NM2, NMS, and NM10, the reference currents Iref1, Iref2, or Iref3 can be generated. The integration and 
cancellation transistor Meoc switcher are utilized to generate Irefl, Iref2, and Iref3 and to terminate the 
charging process. 
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Figure 8. Current generator circuit design 


3.3. Bandgap Reference Multioutput 

The proposed design necessitates the use of four voltage references (Vrefl, Vref2, Vref3, Vref4) and 
employs a multi-output bandgap voltage reference. Figure 9 showcases a precision temperature-compensated 
CMOS bandgap reference [19]—-[22]. To enhance its functionality, four external stages have been added to 
generate reference voltages: Vrefl = 1.37 V, Vref2 = 511.89 mV, Vref3 = 1.41 V, and Vref4 = 993.3 mV. The 
formulas for the two generated currents (1) that are proportionate to VEB and AVEB, and bias the four 
additional stages, are as (1). 


hL=h= alrep1 = Blref2 = Vreps aa Olrepa (1) 


As illustrated in Figure 9, the current is split into two separate currents that flow through two branches, each 
consisting of a resistor and a bipolar transistor so that (2): 


Thy = Toei hy = or (2) 
We have taken R, = R3, to make the voltage at point A equal to the voltage at point B. The inputs of the 


amplifier are identical. As a result, the reference voltage for the proposed multi-output Bandgap reference 
(BGR) can be acquired from the output (3)-(6): 


Vrepy = (AEP + HEB) (3) 
Vrepa = (See + et) (4) 
Vreps = 38 (See + “E82 (5) 
Vrepa = 2 (See + “eet) (6) 
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Figure 9. Bandgap reference multioutput circuit design 


Figure 10 displays the simulation results of the reference voltages as a function of time. The obtained 
results demonstrate the stability of the reference voltages over time, with the following values: Vrefl = 1.38 V, 
Vref2 = 0.511 V, Vref3 = 1.41 V, and Vref4 = 1 V. These values remain consistent and do not exhibit significant 
variations as time progresses. 
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Figure 10. Simulation result of the bandgap outputs with time variation 


In Figure 11, the behavior of the reference voltages as a function of temperature is presented, covering 
a range from -150 °C to 150 °C. The simulation results confirm that the reference voltages remain independent 
of temperature, with the approximate values: Vrefl ~ 1.37 V, Vref2 ~ 0.52 V, Vref3 ~ 1.42 V, and Vref4 = 
994.3 mV. These results demonstrate the robust temperature compensation capability of the design, ensuring 
that the reference voltages remain stable and unaffected by temperature fluctuations within the specified 
temperature range. 
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Figure 11. Simulation result of bandgap outputs with temperature variation 
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3.4. Current sensor 

Utilizing the current sensor transistor or Mcs in the depicted current sensing circuit, as illustrated in 
Figure 12, enabled the accurate detection of electrical current passing through the power transistor MP. This 
deliberate design decision was implemented to ensure a harmonious relationship between the voltages of Mcs 
and voltage source drain (Vsd) of MP, emphasizing the importance of a balanced configuration for optimal 
performance. 


Mcs 
Vv driver 


Mm 


Rsens 


Figure 12. Current sensor circuit design 


4. SIMULATION RESULTS AND DISCUSSION 

Implementation, testing, and design of the proposed architecture were accomplished using CADENCE 
Virtuoso and 180 nm CMOS technology. The simulation results, depicted in Figure 13, exhibit the sensing 
currents' waveforms, including both charge current (Ichg) and sense current (Isens), organized from top to 
bottom. The behavior and performance of the architecture during operation are illuminated by these 
waveforms. The charge current waveform illustrates the current entering the battery during the charging 
process, and the sense current waveform signifies the current detected by the current sensing circuitry. 
Analyzing these waveforms can help assess the accuracy and efficiency of the charging process, ensuring that 
the current sensing mechanism is functioning as intended. These simulation results play a crucial role in 
evaluating the performance and reliability of the proposed architecture in practical scenarios. 
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Figure 13. Simulation result of [sens (blue) and Ichg (red) 


Figure 14 presents the simulated waveform results for the proposed Li-ion battery charger. The 
waveform depicts the behavior of the charger during different charging modes. The reference currents used in 
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the simulation are 124.4 mA, 466.94 mA, and 1.06 A for the float, precharge, and fast constant current modes, 
respectively. The voltage ranges for these modes are defined as 2.4 V and 4.2 V. 
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Figure 14. Simulation results of the proposed Li-ion battery charger 


The stopping current, which indicates the point at which charging is terminated, is set to 50 mA. This 
corresponds to approximately 1C/40, as per the defined charging parameters. The efficiency of the system, 
depicted in Figure 15, varies with the output power. Simulation results reveal a peak efficiency of 92% in the 
proposed system. This outcome underscores the effectiveness and energy efficiency of the implemented power 
management approach. Table | offers a comparative analysis of the proposed power management system and 
previous works, presenting a summary of key features and performance metrics from various approaches. This 
facilitates an evaluation of the advantages and progressions provided by the proposed architecture in contrast 
to existing solutions. 
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Figure 15. Proposed circuit efficiency versus output power 
Table 1. Summary and comparison performances 
Reference Ziadi and Qjidaa [21] Jung et al. [23] Chung et al. [24] Farah et al. [25] This Work 
CMOS process 180 nm 180 nm 130 nm BICMOS 180 nm 180 nm 
Topology LDO Reg Switching based and LDO Reg LDO Reg LDO Reg 
LDO Reg 
Output voltage 2.8-4.2 V 2.8-4.2 V 3-4.3 V 2.8-4.2 V 2.4-4.2 V 
Maximum 448 mA 500 mA 495 mA 1A 1.06 A 
charging current 
Efficiency 87% 87.6% 83.9% 90.9% 92% 


5. CONCLUSION 

To summarize, a new integrated Li-ion battery charger has been developed based on an LDO 
regulator, incorporating four control modes: float constant current, pre-charge current, fast constant current, 
and constant voltage. The charger focuses on important criteria for lithium-ion chargers, such as high accuracy, 
high efficiency, and compact size. Through simulations, the proposed charger achieves a trickle current of 
124.7 mA, a pre-charge current of 466.94 mA, a maximum charge current of 1.06 A, and a charge voltage of 
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4.21 V, all powered by a 1.8 V supply. The proposed system exhibits an estimated efficiency of 92% using 
0.18 um CMOS technology, meeting the desired objectives of the lithtum-ion charger. 
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